Abstract Pituitary adenylate cyclase-activating polypeptide (PACAP) signaling can increase guinea pig cardiac neuron excitability in part through extracellular signal-regulated kinase (ERK) activation. The present study examined the PACAP receptors and signaling cascades that stimulate guinea pig cardiac neuron ERK signaling using confocal microscopy to quantify PACAP-induced neuronal phosphorylated ERK (pERK) immunoreactivity. PACAP and maxadilan, but not vasoactive intestinal polypeptide (VIP), increased cardiac neuron pERK, implicating primary roles for PACAPselective PAC1 receptor (Adcyap1r1) signaling rather than VPAC receptors (Vipr1 and Vipr2) in the generation of cardiac neuron pERK. The adenylyl cyclase (AC) activator forskolin, but not the protein kinase C (PKC) activator phorbol myristate acetate (PMA), increased pERK. Also, Bim1 did not blunt PACAP activation of pERK. Together, the results suggest PAC1 receptor signal transduction via Gs/adenylyl cyclase (AC)/cAMP rather than Gq/phospholipase C (PLC) generated neuronal pERK. Activator and inhibitor studies suggested that the PACAP-mediated pERK activation was PKA-dependent rather than an exchange protein directly activated by a cAMP (EPAC), PKA-independent mechanism. The PACAP-induced pERK was inhibited by the clathrin inhibitor Pitstop2 to block receptor internalization and endosomal signaling. We propose that the PACAP-mediated MEK/ERK activation in cardiac neurons involves both AC/cAMP/PKA signaling and PAC1 receptor internalization/activation of signaling endosomes.
Introduction
The mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase 1/2 (ERK1/2) cascade is a primordial signaling network associated with nearly all facets of cellular development and function. Classically, following cell surface receptor activation, a cascading sequence of intracellular phosphorylation events is initiated via Ras, Raf, and mitogen-activated ERK kinase (MEK), to result in the phosphorylation of ERK (pERK), a Ser/ Thr kinase to more than 200 cytosolic and nuclear substrates resulting in the modulation of cellular transcription, translation, and protein function in a temporal and spatial manner (Yoon and Seger 2006; von Kriegsheim et al. 2009 ). Neuronal ERK activation is a central means of transducing neurotransmitter and neurotrophic signals and, thereby, participates in a wide range of activities including neural survival, proliferation, differentiation, protection and plasticity, hormonal regulation, autonomic function, nociception, learning and memory, and stressrelated behavioral responses. Receptor tyrosine kinases, G-protein-coupled receptors (GPCRs), and interleukin/ cytokine gp130 receptors have been best studied with respect to pathway intersections to ERK activation, but even among these receptor classes, the mechanisms leading to ERK signaling can be quite varied (Goldsmith and Dhanasekaran 2007; Wortzel and Seger 2011) . Several signaling pathways downstream of GPCR activation can intersect with the ERK pathway such as PLC/DAG/PKC, AC/cAMP/PKA or EPAC, and GPCR/arrestin-mediated endosomal signaling following receptor internalization (Goldsmith and Dhanasekaran 2007) and notably, the preferential GPCR pathways appear cell type specific.
PACAP binding at the selective G-protein-coupled PAC1 receptor stimulates neuronal ERK phosphorylation and signaling (Barrie et al. 1997; Villalba et al. 1997; Lazarovici et al. 1998; Bouschet et al. 2003; Obara et al. 2007; Monaghan et al. 2008; May et al. 2010; Emery et al. 2013) . The PAC1 receptor can be dually coupled to Gq/11 and Gs to engage PLC and AC, respectively (Spengler et al. 1993; Braas and May 1999; Harmar et al. 2012) , and hence, there are multiple cell type-specific options to transduce the ERK signaling cascade. PACAP/PAC1 receptor signaling has prominent and dynamic roles in autonomic function, and we have shown previously that PACAP is colocalized with acetylcholine in virtually all preganglionic parasympathetic terminals innervating guinea pig postganglionic cardiac ganglia neurons (Braas et al. 1998; Calupca et al. 2000) . Both neurally released and exogenously applied PACAP can increase cardiac neuron excitability via PAC1 receptors (Braas et al. 1998; Tompkins et al. 2007 ). Importantly, the PACAP/ PAC1 receptor-mediated increase in cardiac neuron excitability is suppressed following MEK1 inhibitor pretreatments, implicating activation of the MEK/ERK signaling cascade as one mechanism contributing to the modulation of excitability (Tompkins and Parsons 2008) . Despite the importance of the cardiac neuronal model in deciphering mechanisms controlling heart rate (i.e., bradycardia), and understanding PACAP/PAC1 receptor regulation of neuronal activity, the PAC1 receptor downstream mechanisms leading to neuronal ERK activation have not been clearly established. Various PACAP mechanisms have been described to drive ERK activation (Lazarovici et al. 1998; Bouschet et al. 2003; Shi et al. 2006; Obara et al. 2007; Monaghan et al. 2008; May et al. 2010; Emery and Eiden 2012; Emery et al. 2013) . In a recent study using HEK cells stably expressing the human PACAP-selective PAC1 receptor (HEKPAC1 cells), we demonstrated that despite potent PACAP-mediated AC/cAMP generation, only PAC1 receptor-stimulated PLC/DAG/PKC activation and PAC1 receptor internalization/endosomal signaling activated the MEK/ERK cascade (May et al. 2014) . Accordingly, from the many intracellular pathways, the current studies sought to identify the mechanisms by which PACAP signaling can recruit cardiac neuron MEK/ERK activation. Our results demonstrate that the PACAP-induced increase in cardiac neuron pERK immunoreactivity reflects solely PAC1 receptor signaling without contributions from the nonselective VPAC receptors and that unlike mechanisms in other cell types, the resulting increase in cardiac ganglia pERK levels represents a summation of AC/cAMP/PKA and PACAPinduced PAC1 receptor internalization/endosomal signaling. From these observations, the mechanisms of PAC1 receptor-mediated ERK action appear cell specific.
Methods
Animals All experiments were performed using cardiac ganglia whole mount preparations from Hartley guinea pigs of mixed sex (250-350 g), following animal protocols approved by the University of Vermont Institutional Animal Care and Use Committee and methods described in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The guinea pigs were euthanized by isoflurane overdose and exsanguination; the hearts were quickly isolated and placed in cold Krebs solution (in mM-121 NaCl, 5.9 KCl, 2.5 CaCl 2 , 1.2 MgCl 2 , 25 NaHCO 3 , 1.2 NaH 2 PO 4 , 8 glucose; pH 7.4 maintained by 95 % O 2 -5 % CO 2 aeration) for cardiac ganglia dissection as whole mount explant preparations. All of the cardiac ganglia whole mount experiments were performed at 37°C. Immunocytochemistry and Confocal Imaging Activation of neuronal MEK/ERK signaling by PACAP was quantified in cardiac ganglia immunostained with an antibody directed against pERK. Following different experimental treatments at 37°C, cardiac ganglia whole mounts were fixed by immersion in a 2 % paraformaldehyde and 0.2 % picric acid solution for 2 h at 4°C, washed in blocking solution and treated with icecold methanol for 10 min before incubation overnight in 1:1000 rabbit anti-phosphoERK1/2 (D13.14.4E, Cell Signaling Technology, Beverly, MA) for visualization with Cy3-conjugated donkey anti-rabbit IgG (1:500; Jackson ImmunoResearch, West Grove, PA).
For confocal imaging of pERK immunoreactivity, the guinea pig cardiac ganglia whole mounts were mounted on glass slides, cover slipped, and imaged with a Nikon/Yokogawa CSU W1 Spinning Disk confocal using a Nikon Apo LWD 25X/1.10NA objective lens. Excitation was accomplished with a 100-mW 561-nm solid-state laser and emission collected from 590 nm-650 nm as 16-bit Nikon nd2 image files. Zseries in 0.4-μm steps were taken on 5 random ganglia in each sample, and regions of interest (ROIs) were generated for individual neurons at the axial midpoint adjacent to the nucleus and avoiding the cell membrane. Specifically, a single Zslice was selected through the middle of the cell and a unique circular ROI was generated for each cell cytoplasm depending on cell size. Each ganglion generally contained 3-10 cells that met measurement criteria. All hardware settings were carefully maintained across samples and cross-checked by reviewing data header files. Data collection and analysis were all performed using Nikon Elements 4.30.10 (Build 1021). Data obtained from neurons in multiple cardiac ganglia from different whole mount preparations were averaged.
Statistics Statistics were performed using GraphPad Prism statistical software (version 5.4; La Jolla, CA). Data are presented as mean ± SEM. Differences between means were either determined using an unpaired Students' t test or by oneway ANOVA followed by Tukey post hoc analysis. Values were considered statistically significant at P < 0.05.
Results

PACAP Generation of pERK in Cardiac Neurons Only
Requires PAC1 Receptor Activation PACAP and VIP share receptor subtypes; the PAC1 receptor (Adcyap1r1) is selective for PACAP whereas PACAP and VIP can bind with near-equal affinities at the nonselective VPAC1 and VPAC2 (Vipr1 and Vipr2, respectively) receptors (Harmar et al. 2012) . PACAP and the PAC1 receptor selective agonist maxadilan, but not VIP, increase excitability of guinea pig cardiac neurons (Braas et al. 1998; Hoover et al. 2009 ). In elucidating the mechanisms underlying the PACAP-stimulated responses, we have shown that neuronal pretreatments with the MEK inhibitor PD 98059 can suppress the PACAP-induced increase in cardiac neuron excitability (Tompkins and Parsons 2008) , consistent with PACAP activation of MEK/ERK signaling in the cardiac ganglia. Accordingly, we sought to demonstrate directly that PACAP can uniquely stimulate cardiac neuron ERK phosphorylation via PAC1 receptor activation in these preparations. We employed a quantitative immunocytochemical approach for these studies as the number of neurons in the ganglia explant preparations can vary widely (up to an order of magnitude), which precluded Western analyses.
Under control basal conditions, limited endogenous neuronal pERK immunoreactivity was observed, whereas pERK immunoreactivity was very evident in the satellite cells encasing neurons within the ganglia and in nonneural cells in nerve bundles (Fig. 1a(1) ). Comparison of the confocal images presented in Fig. 1a(1, 2) illustrates the increase in neuronal cytoplasmic pERK immunoreactivity following a 20-min exposure to 25 nM PACAP. To determine whether the activation of MEK/ ERK signaling by PACAP was mediated primarily through PAC1 receptor activation, the ability of the PAC1 receptor selective agonist, maxadilan (Moro and Lerner 1997) and VIP, a VPAC1/VPAC2 agonist, to increase neuronal pERK immunoreactivity was compared to that noted for PACAP. As evident from Figure 1a (3), exposure to 25 nM maxadilan for 20 min increased cytoplasmic pERK immunoreactivity above the control levels (Figure 1a(1) ), whereas a 20-min treatment with 25 nM VIP had no significant effect (Fig. 1a(4) ). Averaged results from analysis of multiple cells from different cardiac ganglia whole mount preparations exposed to PACAP, maxadilan, or VIP are shown in Fig. 1b . These results are consistent with PACAP activating the MEK/ERK cascade primarily through the PAC1 receptor to modulate guinea pig cardiac neuron excitability and are consistent with earlier studies showing that the effects of PACAP on neuronal excitability are mediated solely through PAC1 receptor activation (Braas et al. 1998; Hoover et al. 2009 ).
In addition to a PACAP-induced increase in cytoplasmic pERK immunoreactivity, nuclear pERK immunoreactivity also increased approximately twofold following the 20-min exposure to 25 nM PACAP at 37°C. The present study focused on mechanisms responsible for the increase in cytosolic pERK immunoreactivity, and no further analysis of nuclear pERK was undertaken.
Forskolin, but not PMA, Stimulates pERK Generation in Guinea Pig Cardiac Neurons
In our prior study of MEK/ERK activation in HEKPAC1 receptor expressing cells, PACAP activated adenylyl cyclase leading to a >100-fold increase in cAMP generation (May et al. 2014) . However, treatment of the HEKPAC1 cells with the potent adenylyl cyclase (AC) activator forskolin or membrane permeable cAMP analogues failed to increase pERK; further, pretreatment of the cells with PKA inhibitors did not blunt the PACAP-induced generation of pERK. From these observations, activation of the AC/cAMP/PKA pathway did not contribute to the PACAP-induced generation of pERK in the HEKPAC1 cells (May et al. 2014) . Notably, more detailed studies with PKC activators (PMA) and inhibitors (BimI), and with manipulations that blocked receptor-mediated endocytosis, all attenuated PACAP-stimulated ERK phosphorylation (May et al. 2014) . Given the apparent diversity of PAC1 receptor mechanisms to ERK activation (see Fig. 4 ), we first tested whether the AC/cAMP/PKA or EPAC, and PLC/ DAG/PKC pathways contributed to the PACAP-induced pERK generation in the cardiac neurons.
Unlike the HEKPAC1 receptor cells, adenylyl cyclase activation in cardiac ganglia explants with 5 μM forskolin for 20 min significantly increased neuronal pERK immunoreactivity levels nearly 2.5-fold (Fig. 2) , implicating AC and cAMP generation as a mechanism to the ERK pathway. In addition to the activation of PKA, there are PKA-independent mechanisms including cAMP activation of EPAC that may lead to ERK stimulation. Hence, to test the potential contribution cAMP/PKA roles in PACAP-mediated generation of pERK, the cardiac ganglia explants were pretreated with the PKA inhibitor KT 5720 (1 μM) before PACAP exposure and assessment of neuronal pERK immunoreactivity. Following KT5902 pretreatment, the averaged PACAP-induced increase in pERK immunoreactivity for neurons in four different cardiac ganglia whole mount preparations diminished significantly to approximately 50 % of levels observed for cells exposed to PACAP alone (Fig. 3) . Hence, even though inhibition of PKA reduced PACAP-induced pERK levels in the cardiac neurons, the PACAP effects were not completely blocked suggesting additional complementary PACAP mechanisms to ERK. To establish if a different arm of the cAMP pathway can also activate ERK signaling through an exchange protein activated by cAMP (EPAC); (Shi et al. 2006 2 cAMP-dependent but EPAC-independent mechanisms increase cardiac neuron ERK phosphorylation. Cardiac ganglia whole mount preparations were treated with the adenylyl cyclase activator forskolin (5 μM) (A1), the protein kinase C activator PMA (500 nM) (A2), or the EPAC activator 8-(4-chlorophenylthio)-2′-O-methyl-cAMP (100 μM) ( A 3 , 8 -C P T ) f o r 2 0 m i n a t 3 7°C b e f o r e f i x a t i o n a n d immunocytochemical processing for pERK. Only forskolin treatments increased cardiac neuron pERK levels. B Averaged fold change in fluorescence intensity/area for the different conditions shown in A1-A3. Data presented as averaged results from cells in multiple cardiac ganglia from different whole mount preparations we tested whether the specific EPAC activator 8-(4-chlorophenylthio)-2′-O-methyl-cAMP (100 μM; 8-pCPT-2′-OcAMP) can directly lead to cardiac neuron ERK phosphorylation. Following treatment with the EPAC activator for 20 min, cytosolic pERK levels in the cardiac neurons were not significantly different from those in control untreated neurons (Fig. 2) . This observation suggested that EPAC activation did not contribute to pERK generation in the cardiac neurons. PACAP activation of PKC did not appear to participate in the process as ganglia treatment with 500 nM PMA to activate directly PKC had no effect on pERK levels in the cardiac neurons (Fig. 2) . To ensure that PLC/PKA signaling did not contribute to the PACAP activation of cardiac neuron pERK, cardiac ganglia were pretreated with 1 μM Bim1 to block PKC and then incubated in inhibitor plus 25 nM PACAP for 20 min. Bim1 pretreatment had no effect on the pERK levels in PACAP (fluorescence intensity/area in arbitrary units: PACAP alone = 18,362 ± 668; Bim1 plus PACAP, 20,717 ± 730). In sum, these results suggested that a PACAP-induced increase in guinea pig cardiac neuron MEK/ERK signaling was mediated in part by AC/ cAMP via PKA and not by either EPAC or PKC signaling.
PACAP/PAC1 Receptor-Induced Endosomal Signaling Contributes to Cardiac Neuron ERK Activation
We showed previously that the PACAP-induced increase in cardiac neuron excitability and the PACAP-induced increase in HEKPAC1 cell pERK levels could be blunted following pretreatments with the small peptide clathrin inhibitor Pitstop2 (Merriam et al. 2013; May et al. 2014 ). These observations were consistent with the hypothesis that PAC1 receptor internalization and formation of a signaling endosome contributed to both actions of PACAP (Merriam et al. 2013; May et al. 2014) . Consequently, we next tested whether treatment with 15 μM Pitstop2 could blunt the PACAP-induced increase in pERK immunoreactivity in the cardiac neurons. As summarized in Fig. 3 , pretreatment with Pitstop2 also significantly suppressed the PACAP-induced increase in cytosolic pERK immunoreactivity approximately 50 %. Thus, in cardiac neurons, in addition to PACAP activation of the AC/cAMP/PKA pathway, PACAP stimulation of PAC1 receptor internalization and formation of a signaling endosome was an important component to the peptideinduced increase in cardiac neuron pERK immunoreactivity.
Discussion
PACAP/PAC1 receptor-mediated ERK signaling has been implicated in a variety of important neuronal responses including survival, proliferation, and differentiation during development, neuroprotection following injury paradigms, nociceptive and behavioral responses, and channel regulation to gate neuronal excitability. The PACAP/PAC1 receptor activation can stimulate ERK for long durations, and as GPCRs can generate a myriad of signaling network schemes to engage the ERK in a cell specific manner, we sought to delineate some of the PAC1 receptor pathways that regulate ERK-stimulated neuronal excitability. The key observations in this study are (1) that the generation of MEK/ERK signaling by PACAP in guinea pig cardiac neurons uniquely involves PAC1 receptor activation and (2) that among signaling cascades downstream of the PAC1 receptor, activation of AC/cAMP/PKA and endosomal signaling following receptor internalization represent major mechanisms leading to PACAPinduced increase in cardiac neuron pERK immunoreactivity.
Although PACAP stimulates HEKPAC1 cell AC activity and can increase cAMP production nearly 100-fold, surprisingly the cAMP pathway did not contribute significantly to the elevation of pERK; an observation corroborated by the inability for forskolin to stimulate ERK in these cells (May et al. 2014) . In contrast, PAC1 receptor Gq coupling to PLC/ DAG/PKC in the HEKPAC1 receptor cell line was able to fully engage the ERK pathway as shown by direct PMA stimulation of PKC to activate ERK and by the abilities for the PKC inhibitor BimI to block PACAP-mediated ERK phosphorylation (May et al. 2014) . These PAC1 receptor plasma membrane signaling effectors were reversed in the cardiac ganglion neurons; whereas PLC/DAG/PKC had no apparent roles in ERK activation, AC/cAMP/PKA signaling did contribute to the PACAP-induced increase in cardiac neuron pERK immunoreactivity. An AC/cAMP/PKA-mediated mechanism to ERK activation has been described for a number of different neural cell types including PC12 pheochromocytoma cells (Bouschet et al. 2003) , cerebellar granule cells (Botia et al. 2007; Obara et al. 2007 ), sympathetic neurons (May et al. 2010) , and hippocampal neurons (Gupte et al. 2016) . There are also cAMP-dependent but PKAindependent means to ERK activation described for PC12 cells (Lazarovici et al. 1998; Emery and Eiden 2012; Emery et al. 2013 ) and SYHY neuroblastoma (Monaghan et al. 2008) , including mechanisms via EPAC, which has been described for PACAP signaling in P6 pheochromocytoma cells (Shi et al. 2006) . However, the EPAC activator 8-pCPT-2′-OcAMP did not stimulate cardiac neuron ERK activation, an observation consistent with previous suggestions that EPAC expression is low in neural crest-derived cells and hence may not represent prevalent signaling mechanisms to ERK (Wang et al. 2006; Liu et al. 2008 ). There may be other PKAindependent routes to ERK signaling including the recently described plasma membrane RapGEF2 (Emery et al. 2013 ), but whether this pathway represents a separate and independent pathway or an integrated component of existing mechanisms is still relatively unclear and requires additional studies.
Cellular ERK signaling via PLC/DAG/PKC activation is perhaps best studied (Lazarovici et al. 1998; Bouschet et al. 2003; Goldsmith and Dhanasekaran 2007) . In line with many other studies, PACAP stimulation of ERK in HEKPAC1 cell was mediated in part by PKC as the PKC activator PMA potently stimulated pERK levels and the PACAP-stimulated ERK responses could be blocked by PKC inhibitors (May et al. 2014 ). Yet despite abilities for the PAC1 receptor to couple Gq and activate the PLC pathway, the PLC/DAG/PKC pathways do not appear to have significant roles in cardiac neuron ERK activation. The PKC inhibitor BimI did not block PACAP-induced increases in cardiac neuron pERK immunoreactivity, and direct PKC activation with PMA had no effects on cardiac ganglia pERK levels. These results are consistent with our previous PACAP data regulating cardiac neuron excitability. Even though PACAP-mediated cardiac neuron excitability is sensitive to ERK signaling, PACAP does not activate PLC signaling in the guinea pig cardiac neurons (Tompkins et al. 2006; Tompkins and Parsons 2008) . Again, a similar result was observed in primary sympathetic neurons in which PKC inhibitor BimI had no effects on PACAP-mediated ERK activation (May et al. 2010) . Whether this reflects characteristics of neural crest-derived cells is also unclear but again speaks to the cell-specific mechanisms to ERK signaling.
GPCRs appear unique in that some receptors may continue to transduce signals upon internalization and trafficking in cellular endosomes (Murphy et al. 2009; Calebiro et al. 2010; Irannejad et al. 2013; Irannejad and von Zastrow 2014; Tsvetanova et al. 2015) . Class B GPCRs including PAC1 receptors have strong signature Ser residue clusters in the cytoplasmic carboxyl-terminal tail of the receptor for high-affinity binding to beta-arrestins (Oakley et al. 1999; Oakley et al. 2000; Shenoy and Lefkowitz 2003) , which can act as scaffolding proteins for MEK/ERK assembly and signal generation. PAC1 receptors can associate with arrestin (Broca et al. 2009) , and our preliminary studies have suggested that internalized PAC1 receptors are associated with early endosomes and can be colocalized with beta-arrestin immunoreactivity (data not shown). The temporal dynamics of PAC1 receptor interactions and trafficking in endosomes have not been well studied but may be critical as transient versus sustained cellular ERK activation has been associated with proliferation and differentiation, respectively (Marshall 1995; Kao et al. 2001; Pellegrino and Stork 2006) . The abilities for PAC1 receptors to generate long-duration ERK signals have implications in PACAPmediated neurochemical, neuroarchitectural, and synaptic plasticity which may participate in the maladaptive responses to chronic stress and other neurophysiological challenges leading to psychopathologies. Treatment of HEKPAC1 receptor cells with the clathrin inhibitor Pitstop2 suppressed PACAP-induced PAC1 internalization, attenuated pERK activation, and blunted the PACAP-induced increase in cardiac neuron excitability (Merriam et al. 2013; May et al. 2014) . Similarly, we show that Pitstop2 pretreatment significantly decreased the PACAPinduced increase in cardiac neuron pERK immunoreactivity. These results were also consistent with previous work in primary sympathetic neurons in which clathrin-mediated endocytosis blockade with a variety of inhibitors including chlorpromazine and monodansylcadaverine attenuated PACAP-mediated ERK phosphorylation, whereas inhibitors to caveolae-mediated endocytosis had no apparent effects (May et al. 2010) . Taken together, these observations indicate that PACAP/PAC1 internalization and formation of a signaling endosome may be a general mechanism contributing to the PACAP recruitment of MEK/ERK signaling in diverse cell types.
In conclusion, despite the many signaling cascades downstream of the PAC1 receptor, the present results support the view that both the AC/cAMP/PKA transduction cascade and PAC1 internalization/endosomal signaling contribute to the PACAP-induced activation of MEK/ERK signaling in cardiac neurons (Fig. 4) . Unique to this study is the direct observation that blunting agonist-induced internalization of the PAC1 receptor by pretreatment with the clathrin inhibitor Pitstop2 reduces MERK/ERK activation, a result that provides further support for the view that the internalization of GPCRs and formation of signaling endosomes can act as scaffolds for recruitment of intracellular transduction cascades. The PACAP/PAC1 receptor is dually coupled to Gs to activate adenylyl cyclase (AC) activity and Gq to stimulate phospholipase C (PLC) activity. From increased AC activity, the resulting increase in cAMP levels can engage PKA or EPAC (PKA-independent) pathways to ERK signaling; cardiac neurons employ the former PKA-dependent pathway. Despite potent activation of PLC signaling cascades, cardiac neuron PAC1 receptors do not appear to stimulate PKC mechanisms to ERK. However, following activation, PAC1 receptors can be associated with arrestin scaffolding molecules and internalized as signaling endosomes for long-term MEK/ERK signaling. GPCR receptor signaling mechanisms to ERK is cell type specific; the pathways identified for the guinea pig cardiac neurons are boxed
